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Extreme confinement of light

Forbidden optical transitions Single molecule sensing

Rodrigo et al., Science 2018
Reviews:
Baumberg, et al. Nature materials 18.7 (2019): 668-678.
Flick et al..Nanophotonics 7.9 (2018): 1479-1501.

Ultra-Strong coupling

Koppens, Abajo, NL 2011

Extreme Purcell factors

Kurman, Schmidt, Koppens, Kaminer, CLEO 2019
Kurman, Nature photonics 2018

Cavity-mediated
SuperconductivityQuantum chemistry

X-ray generation
Cherenkov generation

Schlawin, PRL 2019



Graphene (semimetal) Boron Nitride
(insulator)

MoS2
(semi-conductor)

This article serves as a general, albeit focused, review of flexible
2D nanoelectronics covering their progress, prospects and
contemporary challenges. Remarkably, in the 10 years since basic
academic studies of small graphene flakes was pioneered,
commercial products are now available including smart phones
with graphene touch panels. In general, 2D atomic sheets are
under rapid development leveraging the understanding gained
from graphene.

A soft introduction
One might wonder: why flexible nanoelectronics? Can ubiquitous
silicon electronics not fulfil the evolving technology aspirations of
modern society? For some new technologies at the forefront of
the innovation horizon, 2D atomic sheets offer a unique and
compelling capability. A case in point is wearable electronics such
as smart glasses, smart watches, smart fabrics and electronic
tattoos35, which ideally require large-area nanomanufacturing of

devices based on ultra-thin functional materials that are
transparent and energy efficient, and can afford radio-frequency
(RF) wireless connectivity on a flexible substrate. Another new
example is an integrated communication and computation
system, such as a universal ultra-portable gadget that can
transform into several user-reconfigurable form factors
including a smart phone, smart tablet and computer with the
desirable benefits of low-cost manufacturing on soft substrates
that are foldable, rollable, environmentally benign and recyclable.
This sort of universal gadget has attracted the imagination of
technology companies, embodied by Nokia’s ‘Morph’ concept34.
In addition, the applications of 2D atomic sheets towards other
emerging concepts, such as origami inspired foldable systems,
flexible bioelectronics and wireless structural health monitors,
could also substantially benefit from the atomic profile and high-
performance transport properties. For clarity, we note that a
‘smart system’ can be understood simply as any gadget with
embedded wireless connectivity that at a minimum can interact
with the user or environment. Examples of some highly
anticipated flexible smart systems are shown in Fig. 1b.

The importance of mobility. Historically, organic, amorphous
and metal oxide thin-film transistors (TFTs) have been explored
for flexible electronics; however, their low charge mobility (m) has
limited their prospects to specific low-frequency applications such
as tags and control electronics for displays34. Figure 2 compares
the charge mobility of several candidate semiconducting
materials, clearly demonstrating that large-bandgap TMDs (for
example, MoS2 and WSe2) offer experimental mobilities
approaching single-crystal silicon TFTs, with two orders of
magnitude thinner profile and higher strain limits.
Encouragingly, recent reports have shown that another 2D
semiconductor, phosphorene, can afford even higher transistor
mobilities around 1,000 cm2 V! 1 s! 1 at room temperature28, a
significant advancement for TFTs. The mobility of TFT materials
is of great interest because it influences several performance
metrics, such as current density, energy efficiency, switching delay
and cutoff or transit frequency (fT), a critical parameter for
realizing GHz wireless connectivity. At low electric fields, the
intrinsic fT¼ mEDS/(2pL), where L is the transistor channel length
and EDS is the drain-source lateral electric field described by
EDS¼VDS/L within the gradual channel approximation36. VDS is
the drain-source voltage. It follows that the charge mobility
directly determines the low-power frequency capability and the
likely applications comprising connectivity, communication and
computation that can be realized in practice.

Achieving high mobilities in films that are atomically thin
(Fig. 2c) is also noteworthy because the 2D thickness limit
represents the ideal conditions for realizing maximum electro-
static control16, maximum optical transparency6,18,37, maximum
chemical sensor sensitivity1 and maximum mechanical
flexibility7,20,32.

A role for graphene for flexible nanoelectronics. In Fig. 2, it can
be seen that graphene affords the highest field-effect transistor
(FET) mobilities, owing to its small effective mass (m*). However,
the lack of a bandgap and the associated inability to electrically
switch off precludes its use for digital transistors4. Nevertheless,
its high charge mobility and saturation velocity (4107 cm s! 1)
coupled with its intrinsic ambipolar character make it an
attractive material for flexible RF analogue TFTs32,38, which
have already been employed to demonstrate several RF circuit
blocks such as frequency multipliers39, and multi-modulation
wireless circuits37. In addition, non-transistor applications
including transparent conductive films, heat spreaders, acoustic
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Figure 1 | Illustration of 2D monolayer materials and examples of flexible
smart systems. (a) Three-dimensional illustrations of contemporary 2D
monolayers revealing diverse physical structures based on an underlying
hexagonal lattice. (b) 2D atomic sheets can fulfil many of the electronic,
optical and mechanical functions required in a flexible smart system, and
especially enable ‘RF wireless communication & connectivity,’ which has
become an indispensable feature in modern smart systems. (Image of the
smart tablet and wearable system courtesy of Graphene Square Inc.; Image
of smart glasses courtesy of E. Guy; Image of E-tattoo courtesy of N. Lu,
University of Texas—Austin).
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This article serves as a general, albeit focused, review of flexible
2D nanoelectronics covering their progress, prospects and
contemporary challenges. Remarkably, in the 10 years since basic
academic studies of small graphene flakes was pioneered,
commercial products are now available including smart phones
with graphene touch panels. In general, 2D atomic sheets are
under rapid development leveraging the understanding gained
from graphene.

A soft introduction
One might wonder: why flexible nanoelectronics? Can ubiquitous
silicon electronics not fulfil the evolving technology aspirations of
modern society? For some new technologies at the forefront of
the innovation horizon, 2D atomic sheets offer a unique and
compelling capability. A case in point is wearable electronics such
as smart glasses, smart watches, smart fabrics and electronic
tattoos35, which ideally require large-area nanomanufacturing of

devices based on ultra-thin functional materials that are
transparent and energy efficient, and can afford radio-frequency
(RF) wireless connectivity on a flexible substrate. Another new
example is an integrated communication and computation
system, such as a universal ultra-portable gadget that can
transform into several user-reconfigurable form factors
including a smart phone, smart tablet and computer with the
desirable benefits of low-cost manufacturing on soft substrates
that are foldable, rollable, environmentally benign and recyclable.
This sort of universal gadget has attracted the imagination of
technology companies, embodied by Nokia’s ‘Morph’ concept34.
In addition, the applications of 2D atomic sheets towards other
emerging concepts, such as origami inspired foldable systems,
flexible bioelectronics and wireless structural health monitors,
could also substantially benefit from the atomic profile and high-
performance transport properties. For clarity, we note that a
‘smart system’ can be understood simply as any gadget with
embedded wireless connectivity that at a minimum can interact
with the user or environment. Examples of some highly
anticipated flexible smart systems are shown in Fig. 1b.

The importance of mobility. Historically, organic, amorphous
and metal oxide thin-film transistors (TFTs) have been explored
for flexible electronics; however, their low charge mobility (m) has
limited their prospects to specific low-frequency applications such
as tags and control electronics for displays34. Figure 2 compares
the charge mobility of several candidate semiconducting
materials, clearly demonstrating that large-bandgap TMDs (for
example, MoS2 and WSe2) offer experimental mobilities
approaching single-crystal silicon TFTs, with two orders of
magnitude thinner profile and higher strain limits.
Encouragingly, recent reports have shown that another 2D
semiconductor, phosphorene, can afford even higher transistor
mobilities around 1,000 cm2 V! 1 s! 1 at room temperature28, a
significant advancement for TFTs. The mobility of TFT materials
is of great interest because it influences several performance
metrics, such as current density, energy efficiency, switching delay
and cutoff or transit frequency (fT), a critical parameter for
realizing GHz wireless connectivity. At low electric fields, the
intrinsic fT¼ mEDS/(2pL), where L is the transistor channel length
and EDS is the drain-source lateral electric field described by
EDS¼VDS/L within the gradual channel approximation36. VDS is
the drain-source voltage. It follows that the charge mobility
directly determines the low-power frequency capability and the
likely applications comprising connectivity, communication and
computation that can be realized in practice.

Achieving high mobilities in films that are atomically thin
(Fig. 2c) is also noteworthy because the 2D thickness limit
represents the ideal conditions for realizing maximum electro-
static control16, maximum optical transparency6,18,37, maximum
chemical sensor sensitivity1 and maximum mechanical
flexibility7,20,32.

A role for graphene for flexible nanoelectronics. In Fig. 2, it can
be seen that graphene affords the highest field-effect transistor
(FET) mobilities, owing to its small effective mass (m*). However,
the lack of a bandgap and the associated inability to electrically
switch off precludes its use for digital transistors4. Nevertheless,
its high charge mobility and saturation velocity (4107 cm s! 1)
coupled with its intrinsic ambipolar character make it an
attractive material for flexible RF analogue TFTs32,38, which
have already been employed to demonstrate several RF circuit
blocks such as frequency multipliers39, and multi-modulation
wireless circuits37. In addition, non-transistor applications
including transparent conductive films, heat spreaders, acoustic
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Figure 1 | Illustration of 2D monolayer materials and examples of flexible
smart systems. (a) Three-dimensional illustrations of contemporary 2D
monolayers revealing diverse physical structures based on an underlying
hexagonal lattice. (b) 2D atomic sheets can fulfil many of the electronic,
optical and mechanical functions required in a flexible smart system, and
especially enable ‘RF wireless communication & connectivity,’ which has
become an indispensable feature in modern smart systems. (Image of the
smart tablet and wearable system courtesy of Graphene Square Inc.; Image
of smart glasses courtesy of E. Guy; Image of E-tattoo courtesy of N. Lu,
University of Texas—Austin).
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Topological insulator

Monolayer magnets

Quantum spin Hall effect up to 1K

Monolayer superconductor

Jiang et al., Nature Comm 2014

CrI3

Huang et al., Nature 2017
Gong et al., Nature 2017



Polaritons

See reviews: 
Low et al., Polaritons in layered two-dimensional materials, Nature Materials (2016). 

Basov et al., Science (2016)



3.2. Plasmons in 2DEGs and graphene

material, so they are intrinsically different from surface plasmons, which in-
volve only charge carriers at the surface of an otherwise unperturbed bulk ma-
terial. This means that adding or removing electrons to the system strongly
affects the 2D plasmon properties, therefore plasmon tunability is achieved
by tuning the carrier density n . In addition, the 2D nature of the material im-
plies a very tight vertical confinement of the plasmons. A sketch of the basic
properties of 2D plasmons is shown in Fig.3.1, where we depict the charge and
electric field distribution in the 2D plane (Fig. 3.1a), the vertical field profile
(Fig. 3.1b), and the plasmon dispersion (Fig. 3.1c).

Figure 3.1: Sketch of the main features of graphene plasmons. a) amplitude (red and
blue for positive and negative values) and field lines of the in-plane electric field. b)
out-of-plane electric field confinement. c) plasmon dispersion.

Plasmon dispersion

A simple way to obtain the plasmon dispersion6, following Jablan et al. [2009],
is by matching the boundary conditions of a structure where a two dimen-
sional film of surface conductivity� lies between two dielectrics of permittiv-
ity "1 and "2. Equivalently, one can look for the poles of the Fresnel reflection

6We note that an alternative way to derive the plasmon dispersion is to use hydrodynamics
equations for the oscillation of the charge density as in A. N. Grigorenko , M. Polini et al. [2012].

5

=λplasmon≪λphoton=1/kp

1/kp

Pioneering theory work: 
Jablan et al, PRB (2009) 
Hwang et al,  PRB (2007) 
Polini et al, PRB (2008) 
Wunsch et al., NJP (2008) 
Koppens, Abajo, Nano Letters (2012)

Graphene “Dirac” plasmons

Many body excitation

Long-range Coulomb interaction

Can couple to light See also Pioneering experimental work: 
Basov 
Hillenbrand 
Atwater 
Halas 
Mortenson 
Pruneri 
Altug  
etc etc.



See reviews: Polaritons in layered two-dimensional materials, Nature Materials (2016) 
Polaritons in van der Waals materials, Science (2016)

Graphene Plasmon Polariton (Infrared, THz light)
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Van der Waals heterostructures
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Twisted Graphene

Transmission electron microscopy

Latychevskaia et. al., Ultramicroscopy (2019)
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Cao et al., Nature (2018)
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Dirac cones, GK = 4π/(3α) is the magnitude of the wavevector Γ–K  
of graphene, α = 0.246 nm is the lattice constant of graphene and  
ħ =  h/(2π ) is the reduced Planck constant, the lower of the hybri-
dized states is pushed to and crosses zero energy. A mathe matical  
derivation of the magic-angle condition6 gives the first magic angle, 
θ = / ≈ . °w ħv G3 ( ) 1 1magic

(1)
0 K . In Fig. 1c we show an ab initio tight- 

binding calculation16 of the band structure for θ =  1.08°. The flat bands 
(coloured blue) have a bandwidth of 12 meV for the E >  0 branch and 
2 meV for the E <  0 branch (where E is the band energy). From a 
band-theory point of view, the flat bands should have localized wave-
function profiles in real space. In Fig. 1h we show the local density of 
states calculated for the flat bands. The wavefunctions are indeed highly 
concentrated in the regions with AA stacking, whereas small but non-
zero amplitudes on the AB and BA regions connect the AA regions and 
endow the bands with weak dispersion6,15,18. A brief discussion about 
the topological structure of the bands near the first magic angle is given 
in Methods and Extended Data Fig. 1.

For the experiment, we fabricated high-quality encapsulated TBG 
devices with the twist angle controlled to an accuracy of about 0.1°–0.2° 
using a previously developed ‘tear and stack’ technique13,17,22. We meas-
ured four devices with twist angles near the first magic angle 
θ ≈ . °.1 1magic

(1)  In Fig. 2a we show the low-temperature two-probe  
conductance of device D1 as a function of carrier density n. For  
n ≈  ± ns =  ± 2.7 ×  1012 cm−2 (four electrons per moiré unit cell for 
θ =  1.08°), the conductance is zero over a wide range of densities. Here, 
ns refers to the density that is required to fill the mini Brillouin zone, 
accounting for spin and valley degeneracies (see Methods). These 
insulating states have been explained previously as hybridization- 
induced bandgaps above and below the lowest-energy superlattice 
bands, and are hereafter referred to as ‘superlattice gaps’13. The thermal 
activation gaps are measured to be about 40 meV (see Methods)13,17. 
The twist angle can be estimated from the density that is required to 
reach the superlattice gaps, which we find to be θ =  1.1° ±  0.1° for all 
of the devices reported here.

Another pair of insulating states occurs for a narrower density range, 
near half the superlattice density: n ≈  ± ns/2 =  ± 1.4 ×  1012 cm−2 (two 
electrons per moiré unit cell). These insulating states have a much 
smaller energy scale. This behaviour is markedly different from all 
other zero-field insulating behaviours reported previously, which 
occur at integer multiples of ± ns (refs 13, 17). We refer to the states that 
occur near ± ns/2 as ‘half-filling insulating states’. They are observed 
at roughly the same density for all four devices (Fig. 2a, inset). In  
Fig. 2b–d we show the conductance of the half-filling states in device 
D1 at different  temperatures. Above 4 K, the system behaves as a metal, 
exhibiting decreasing conductance with increasing temperature.  
A metal– insulator transition occurs at around 4 K. The conductance 
drops substantially from 4 K to 0.3 K, with the minimum value decreasing  
by 1.5 orders of magnitude. An Arrhenius fit yields a thermal acti-
vation gap of about 0.3 meV for the half-filling states, two orders of 
magnitude smaller than those of the superlattice gaps. At the lowest 
temperatures, the system can be limited by conduction through charge 
puddles, resulting in deviation from the Arrhenius fit.

To confirm the existence of the half-filling states, we performed 
capacitance measurements on device D2 using an a.c. low- temperature 
capacitance bridge (Extended Data Fig. 2)23. The real and imaginary 
components of the a.c. measurement provide information about the 
change in capacitance and the loss tangent of the device, respectively. 
The latter signal is tied to the dissipation in the device due to its 
 resistance23. Device D2 exhibits a reduction in capacitance and strong 
enhancement of dissipation at ± ns/2 (Fig. 3a), in agreement with an 
insulating phase that results from the suppression of the density of 
states. The insulating state at − ns/2 is weaker and visible only in the 
dissipation data. The observation of capacitance reduction (that is, 
suppression of density of states) for only the n-side half-filling state in 
this device may be due to an asymmetric band structure or the quality 
of the device. The reduction (enhancement) in capacitance (dissipa-
tion) vanishes when the device is warmed up from 0.3 K to about 2 K, 
consistent with the behaviour observed in transport measurements.
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Figure 1 | Electronic band structure of twisted bilayer graphene (TBG). 
a, Schematic of the TBG devices. The TBG is encapsulated in hexagonal 
boron nitride flakes with thicknesses of about 10–30 nm. The devices are 
fabricated on SiO2/Si substrates. The conductance is measured with a 
voltage bias of 100 µ V while varying the local bottom gate voltage Vg.  
‘S’ and ‘D’ are the source and drain contacts, respectively. b, The moiré 
pattern as seen in TBG. The moiré wavelength is λ =  a/[2sin(θ/2)], where 
a =  0.246 nm is the lattice constant of graphene and θ is the twist angle.  
c, The band energy E of magic-angle (θ =  1.08°) TBG calculated using an 
ab initio tight-binding method. The bands shown in blue are the flat bands 
that we study. d, The mini Brillouin zone is constructed from the 
difference between the two K (or K′ ) wavevectors for the two layers. 

Hybridization occurs between Dirac cones within each valley, whereas 
intervalley processes are strongly suppressed. Ks, ′K s, Ms and Γ s denote 
points in the mini Brillouin zone. e–g, Illustration of the effect of interlayer 
hybridization for w =  0 (e), θ!w ħv k2 0  (f) and 2w ≈  ħv0kθ (g); 
v0 =  106 m s−1 is the Fermi velocity of graphene. h, Normalized local 
density of states (LDOS) calculated for the flat bands with E >  0 at 
θ =  1.08°. The electron density is strongly concentrated at the regions with 
AA stacking order, whereas it is mostly depleted at AB- and BA-stacked 
regions. See Extended Data Fig. 6 for the density of states versus energy at 
the same twist angle. i, Top view of a simplified model of the stacking 
order.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Twisted graphene: Small angle and magic angle 

Magic Angle:: 1.1°

Moire size = 14nm/(angle in degrees)

Cao et al., Nature 2018
Bistrizter et al., PNAS 2011

Angle < 0.2°
Moire > 70 nm Moire size 13 nm

Correlated states: 
Superconductivity

Mott insulating state
Anomalous Quantum Hall

Yoo	et	al.,	Nat.	Materials	2019
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Mid-infrared light (wavelength 10.000nm)  couples with an atomic force microscope tip

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 

Scattering near-field microscopy: 
probe light of λ=6-100µm with 20nm resolution



Nanofocus is created at the tip apex (~10-20nm)

(>10.000 times smaller than the wavelength!!!!)

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



2D material is brought close to the nanofocus

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



Plasmons are launched from the nanofocus

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



Plasmons are reflected by an edge

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



Scattered light from the tip apex is collected in the far-field

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



The device is moved and the plasmon is excited at a different position

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



Scattered light is recorded mapping a standing wave pattern

λsp/2 

Pioneered by groups of Hillenbrand, Koppens, Basov

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 



See also groups of  Hillenbrand, Basov, …

See e.g.  Chen et al, Nature 2012. Fei et al, Nature 2012 

Scattering near-field microscopy: 
probe light of λ=6-100µm with 20nm resolution

Probe local Real(ε), Imag(ε)
with 20nm resolution

(e.g. intersubband transitions)

Probe propagating collective 
excitations

e.g. plasmons
phonon polaritons
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Plasmons in graphene

Woessner et al, Nature Materials 2014, Chen Nature 2012, Fei Nature 2012 
See also work from Basov Group

Plasmon confinement ~λ/200 

Plasmon quality factor ~30



Near-field microscopy

Propagating phonon polaritons

Propagating plasmons Twisted graphene Correlated materials

Superconductors Quantum non-local
Electron interactions

Groups of Basov, Hillenbrand, Taubner, Caldwell, etc. etc.



Plasmons: Lego toolbox for light manipulation at atomic scale
3

a

b

Figure 2 | Optical near-field images of the device. a
Overview scan of the device showing plasmon fringes reflected

from the edges of the tunnel junction region and wrinkles and

folds. The uniformity of the fringe spacing indicates a uni-

form gating e�ciency of the device. b Zoom at the top right

corner of a shows the plasmon fringes more detailed. The ap-

plied bias voltage is Vb = �1.5 V and the laser wavelength

is �0 = 10.6 µm in a and b. The white dashed line indicates

where the measurement in Fig. 3b was taken.

however, does not seem to influence the observed out-
of-phase mode significantly. This can be qualitatively
understood since this mode has a vanishing electric field
between the two graphene layers for plasmon wavelengths
much longer than the spacer thickness (see Eqs. (S3-S11)
in the supporting information). For this reason no ad-
ditional tunneling takes place due to the plasmon field,
carriers perform in-plane oscillation only, and these oscil-
lations are therefore insensitive to the tunneling charac-
teristics of the junction. Conversely, the acoustic mode
has a significant electric field in the spacer region. This
implies that carriers can also be exchanged between the
two layers during oscillations, and makes the frequency
of these oscillations sensitive to the tunneling coupling
between the two layers, and, therefore, to flakes align-
ment, as explained in Ref. 25. The symmetric behaviour
around Vb = 0 V indicates that the graphene top and
bottom layers do not have any appreciable intrinsic dop-
ing.

This symmetry allows us to analytically calculate the
carrier density of the top and bottom graphene lay-
ers taking into account the quantum capacitance of the
system:26

≠ eVb = 2(EF ≠ ED) + e2n(dvac
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Figure 3 | Carrier density dependence of the plasmon
wavelength. a Tunnelling current I as a function of applied

bias voltage Vb. The alignment between the two graphene

sheets leads to the observed negative di�erential resistance.
14

b Background subtracted optical signal from scan of tip posi-

tion perpendicular to the graphene edge (dashed-dotted line)

shows the bias voltage dependence of the plasmon fringes.

c Calculated voltage dependence of the plasmon wavelength

for N = 3 layers (blue shaded) and measured plasmon wave-

length (red dots). For comparison the expected wavelength for

N = 2, 4 layers is shown. The mode with the longer wave-

length is the optical and the one with the shorter wavelength

the acoustic mode.

where Vb is the bias voltage applied between top and bot-
tom graphene, e the elementary charge, EF the Fermi en-
ergy, ED the Dirac point energy, and n the carrier density
per layer. In order to correctly calculate the capacitance
of the system we include a vacuum gap with a thickness
of dgap and a permittivity of ‘vac between the graphene
and the h-BN.3 The thickness of this gap is half the inter-
layer spacing of graphene between the top graphene and
the top h-BN layer and half the layer spacing between the
bottom graphene and the bottom h-BN layer. In total
this leads to dvac = 0.33 nm and ‘vac = 1. The thickness
of the h-BN is dBN = N ◊ 0.33 nm, where N is the num-
ber of h-BN layers (N = 3 for the shown measurements)
and ‘BN = 3.56 is the out-of-plane component of the DC
permittivity of h-BN.4 Assuming no thermal smearing
and undoped top and bottom graphene at Vb = 0 V the
quantum capacitance e�ect is captured by the addition
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Plasmons	in	double	layer	graphene	quantum	tunnelling	device

Acoustic	THz	plasmons	in	graphene:	
Extreme	non-local	effects.	Electron	interaction	effects.	

(20). To detect the photocurrent, we left a nar-
row split in the AuPd metal layer (Fig. 2A, in-
set) so that a graphene p-n junction could be
formed by applying distinct gate voltages VL

and VR. As a second purpose, this sharp split
also served as a launching edge for graphene
plasmons.
Plasmons appear as interference fringes in the

dependence of photocurrent on tip position (Fig.
2B), due to tip-plasmon interference that modu-

lates the absorbed power (10, 19). Besides the
edge-reflection fringes examined in earlier works,
we also observed fringes associated with plas-
mons launching from the split in the AuPd gate,
particularly in the thinner-d devices. In either
case, the fringes allowed a determination of the
plasmonwavelength l = 2p/q (Fig. 2B) by fitting
to the photocurrent with an appropriately sub-
tracted background [see the supplementarymate-
rials for further details (13)]. This, in combination

with the known excitation frequency, directly
yields the plasmon phase velocity np.
In each of the three devices, we extracted the

plasmonphase velocity frommany scanning pho-
tocurrent maps, each taken with a different gate
voltage (Fig. 3). The data have been collated into
a common form by converting gate voltage to
carrier density ns (13), allowing a direct compar-
ison with theory. Qualitatively and consistent
with the map in Fig. 1C, the smallest plasmon
velocities are seen for the smallest ns and d. We
compare the experimental np values to two the-
ories: The local approximation theory (dashed
curve) shows a discrepancy with the data, where-
as the full nonlocal theory (shaded curve) shows
excellent agreement without any fitting param-
eters. We do observe a slight discrepancy in the
d = 27 nm case, likely connected to the different
type of fringe pattern that was used tomeasure l
in this device compared with the other two de-
vices (13). The local approximation predicts
plasmon velocities falling below nF for the 5.5-nm
device, in contrast to the full theory, which is
forbidden from this region (for reasons explained
below).
Figure 4A depicts the three layers of our non-

local theory, based on dominant effects known
from electron liquid theory (1, 2). Including all
nonlocal corrections, the conductivity takes the
following convenient form (for frequency and
wave vector below Fermi values, as in this
experiment)

sðw; qÞ ¼
e2nF

ffiffiffiffiffiffiffiffi
jnsj

p
ffiffiffi
p

p
ℏ

i
w
f

nFq
w

" #
ð2Þ

where f(z) is a dimensionless function that de-
scribes the nonlocal response

f ðzÞ ¼ 2
z2

1

ð1$ z2Þ$1=2 $ 1
þ d

 !$1
ð3Þ

where the dimensionless d will be used to in-
troduce one of the corrections (see below). Using
this functional form, we can gradually introduce
the different layers of nonlocal response, which
are plotted in Fig. 3B. The local approximation
consists of ignoring the q-dependence [which
amounts to setting f (z) = 1], yielding a Drude
response s º i/w from Eq. 2.
The first layer of nonlocal response is to con-

sider the response of noninteracting electrons
(14, 15) [via randomphase approximation (RPA)],
which is the case of Eq. 3 with d = 0. In the RPA,
conductivity s increases with q, due to the change
in Fermi surface deformations. This is closely
related to Landau-Bohm-Gross dispersion (21)
in classical plasma physics: Some of the elec-
trons, those travelling with a velocity that nearly
matches np, can interact longer with each pass-
ing wavefront and thereby provide enhanced
response (Fig. 4A). Classically, this nonlocal
dispersion would come along with Landau
damping due to fast thermal electrons that fully
match the plasma velocity and dissipate energy;
this does not occur in a quantum degenerate
system due to the narrowly distributed electron
velocity (the Fermi velocity), which instead yields
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Fig. 1. Concept for enhancing nonlocal
effects by slowing down the graphene plas-
mon velocity. (A) Effect on graphene plasmon
velocity from changing separation d in the
graphene-metal system. Insets show plasmon
electric field distribution (red and blue colors) for
large or small separation d. The separation d is
controlled by the thickness of the dielectric
h-BN. (B) Frequency–wave number dispersion
of plasmon at various d; the solid lines are all
computed with equal carrier density ns = 1012 cm–2,
whereas the dashed line shows the smallest-d
case with a factor-10-lower carrier density
ns = 1011 cm–2. The horizontal dashed gray line indicates the frequency for which the experiment has
been performed. (C) Plasmon velocity dependence on d and carrier density ns. Contours indicate
discrepancy between local and nonlocal plasmon models.
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Fig. 2. Experimental setup and near-field imaging data. (A) A metallized tip (inverted pyramid)
scans over a graphene sheet that has been encapsulated in h-BN and placed on a split
metallic film. Terahertz laser light illuminates the entire device, launching plasmons (orange
arrows) at the tip and split. Gate voltages VL and VR control the electron density and the
junction photocurrent sensitivity. (B) Photocurrent traces in three different devices, each at
ns = 1.0 × 1012 cm–2, showing interference fringes used to extract the plasmon wavelength l [and
hence velocity vp = l(w/2p)] via the indicated fits.
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Confine	plasmons	to	one	atom	

Infrared+THz	detection/generation

Alonso-Gonzalez, Nature Nanotech 2016 
Lundeberg, Nature Materials 2016
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d=0.3 nm 

Metal

d=5 nm 

Graphene - insulator - metal

More confinement but no additional loss!!!
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Metal

d=5 nm 

Graphene - insulator - metal

Plasmonic nanocavities



I. Epstein et al. Science (2020)

Fill-factor:	3-10%

Illuminate with IR light: λ0 = 8 - 11 μm



Extremely small-volume cavity

100 nm

Confine infrared light (10.000 nm) into a volume of 1nm x 75nm x 75nm

Purcell factors of ~108

I. Epstein et al. Science (2020)

SPP patch antennas (VIS)

AGP patch antennas (MIR)

Nature 492, (2012) – David R. Smith group

λ0≈700nm

λ0≈10μm



Nanocavities



Nanocavities

Acoustic graphene plasmon cavity

I. Epstein et al. Science (2020)



Nanocavities

Our target:

V/V0 <10-7

Q = 10 - 400



Our target:

V/V0 <10-7

Q = 10 - 400

Hyperbolic
Bound-state-in-continuum
Herzig-Sheinfux (in preparation). 



Hyperbolic phonons in hBN

100 meV 180 meV
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Slab of 100nm thickness



Shrinking down

Tamagnone,	Capasso,	
Arxiv	2019

Caldwell,	Centrone,	
nanophotonics	2020Baldassarre,		

APL	2018	

Basov,	Caldwell,		
nano	lett	2016

500nm

Caldwell,	Novoselov,	
Nat	Comm	2014

Hillenbrand,		
Nat.	Comm.	2017

200nm

Centrone,	Caldwell	
nanoletters	2020

Hillenbrand,		
Light	S&A	2017

Nanoscale	
damage

Feature	
size



A1A0
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Basov, Polariton panorama, Nanophotonics 2020

A0
A1 A2 Phonon polaritons:

Many high-momentum modes
(A0,A1,A2)

Can we make cavity for all modes at the same time?



Substrate defined properties 

Propagation	angle	:	frequency	dependent
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Substrate defined properties 

Propagation	angle	:	frequency	dependent

dipole

𝜃𝑐



Ray reflection - critical incidence

• On	the	metal	 		due	to	screening.	
• If	the	beam	hits	the	corner,	there	is	
minimal	overlap	with	the	modes	on	metal	

	 				

𝐸 = 0

dipole

𝜃𝑐



Cavity of phonon polariton

hBN

Gold

• Start	with	ultraflat	gold	(roughness	 	pm	RMS)	
• NTransfer	isotopically	pure	hBN	
• Reflection	for	all	the	modes	(A0,A1,A2,	etc.)	
	

≈ 350

A1A0

++ … =



s-SNOM measurements

Experiment:

Simulation:

Cavity:  250nm
Thickness: 25nm



s-SNOM measurements

Experiment:

Simulation:

Cavity:  250nm
Thickness: 25nm



Quality factors>100

Q	is	much	higher	than	from	single	mode	theory



Bound State in continuum

• First	hypothesized	by	Wigner	
• no	leakage	due	to	interference		
• usually	 	interfering	channels	

• In	the	theory	limit	(no	loss,	etc…)		
a	BIC	mode	exists	due	to		
infinite	interfering	channels	

• …and	it	can	be	confined	in	3D,		
supposed	to	be	impossible…	

~2

Review	on	BICs	in:	Zhen,	Solajcic,	et	al.,		Nat	rev	mat	2016



Nanocavities

Bound-state-in-continuum
Hyperbolic  Cavities



Interband plasmons in undoped 
twisted bilayer graphene

N. C. H. Hesp, I. Torre, et al., arXiv:1910.07893
P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, Phys. Rev. B 2020
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Dirac cones, GK = 4π/(3α) is the magnitude of the wavevector Γ–K  
of graphene, α = 0.246 nm is the lattice constant of graphene and  
ħ =  h/(2π ) is the reduced Planck constant, the lower of the hybri-
dized states is pushed to and crosses zero energy. A mathe matical  
derivation of the magic-angle condition6 gives the first magic angle, 
θ = / ≈ . °w ħv G3 ( ) 1 1magic

(1)
0 K . In Fig. 1c we show an ab initio tight- 

binding calculation16 of the band structure for θ =  1.08°. The flat bands 
(coloured blue) have a bandwidth of 12 meV for the E >  0 branch and 
2 meV for the E <  0 branch (where E is the band energy). From a 
band-theory point of view, the flat bands should have localized wave-
function profiles in real space. In Fig. 1h we show the local density of 
states calculated for the flat bands. The wavefunctions are indeed highly 
concentrated in the regions with AA stacking, whereas small but non-
zero amplitudes on the AB and BA regions connect the AA regions and 
endow the bands with weak dispersion6,15,18. A brief discussion about 
the topological structure of the bands near the first magic angle is given 
in Methods and Extended Data Fig. 1.

For the experiment, we fabricated high-quality encapsulated TBG 
devices with the twist angle controlled to an accuracy of about 0.1°–0.2° 
using a previously developed ‘tear and stack’ technique13,17,22. We meas-
ured four devices with twist angles near the first magic angle 
θ ≈ . °.1 1magic

(1)  In Fig. 2a we show the low-temperature two-probe  
conductance of device D1 as a function of carrier density n. For  
n ≈  ± ns =  ± 2.7 ×  1012 cm−2 (four electrons per moiré unit cell for 
θ =  1.08°), the conductance is zero over a wide range of densities. Here, 
ns refers to the density that is required to fill the mini Brillouin zone, 
accounting for spin and valley degeneracies (see Methods). These 
insulating states have been explained previously as hybridization- 
induced bandgaps above and below the lowest-energy superlattice 
bands, and are hereafter referred to as ‘superlattice gaps’13. The thermal 
activation gaps are measured to be about 40 meV (see Methods)13,17. 
The twist angle can be estimated from the density that is required to 
reach the superlattice gaps, which we find to be θ =  1.1° ±  0.1° for all 
of the devices reported here.

Another pair of insulating states occurs for a narrower density range, 
near half the superlattice density: n ≈  ± ns/2 =  ± 1.4 ×  1012 cm−2 (two 
electrons per moiré unit cell). These insulating states have a much 
smaller energy scale. This behaviour is markedly different from all 
other zero-field insulating behaviours reported previously, which 
occur at integer multiples of ± ns (refs 13, 17). We refer to the states that 
occur near ± ns/2 as ‘half-filling insulating states’. They are observed 
at roughly the same density for all four devices (Fig. 2a, inset). In  
Fig. 2b–d we show the conductance of the half-filling states in device 
D1 at different  temperatures. Above 4 K, the system behaves as a metal, 
exhibiting decreasing conductance with increasing temperature.  
A metal– insulator transition occurs at around 4 K. The conductance 
drops substantially from 4 K to 0.3 K, with the minimum value decreasing  
by 1.5 orders of magnitude. An Arrhenius fit yields a thermal acti-
vation gap of about 0.3 meV for the half-filling states, two orders of 
magnitude smaller than those of the superlattice gaps. At the lowest 
temperatures, the system can be limited by conduction through charge 
puddles, resulting in deviation from the Arrhenius fit.

To confirm the existence of the half-filling states, we performed 
capacitance measurements on device D2 using an a.c. low- temperature 
capacitance bridge (Extended Data Fig. 2)23. The real and imaginary 
components of the a.c. measurement provide information about the 
change in capacitance and the loss tangent of the device, respectively. 
The latter signal is tied to the dissipation in the device due to its 
 resistance23. Device D2 exhibits a reduction in capacitance and strong 
enhancement of dissipation at ± ns/2 (Fig. 3a), in agreement with an 
insulating phase that results from the suppression of the density of 
states. The insulating state at − ns/2 is weaker and visible only in the 
dissipation data. The observation of capacitance reduction (that is, 
suppression of density of states) for only the n-side half-filling state in 
this device may be due to an asymmetric band structure or the quality 
of the device. The reduction (enhancement) in capacitance (dissipa-
tion) vanishes when the device is warmed up from 0.3 K to about 2 K, 
consistent with the behaviour observed in transport measurements.
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Figure 1 | Electronic band structure of twisted bilayer graphene (TBG). 
a, Schematic of the TBG devices. The TBG is encapsulated in hexagonal 
boron nitride flakes with thicknesses of about 10–30 nm. The devices are 
fabricated on SiO2/Si substrates. The conductance is measured with a 
voltage bias of 100 µ V while varying the local bottom gate voltage Vg.  
‘S’ and ‘D’ are the source and drain contacts, respectively. b, The moiré 
pattern as seen in TBG. The moiré wavelength is λ =  a/[2sin(θ/2)], where 
a =  0.246 nm is the lattice constant of graphene and θ is the twist angle.  
c, The band energy E of magic-angle (θ =  1.08°) TBG calculated using an 
ab initio tight-binding method. The bands shown in blue are the flat bands 
that we study. d, The mini Brillouin zone is constructed from the 
difference between the two K (or K′ ) wavevectors for the two layers. 

Hybridization occurs between Dirac cones within each valley, whereas 
intervalley processes are strongly suppressed. Ks, ′K s, Ms and Γ s denote 
points in the mini Brillouin zone. e–g, Illustration of the effect of interlayer 
hybridization for w =  0 (e), θ!w ħv k2 0  (f) and 2w ≈  ħv0kθ (g); 
v0 =  106 m s−1 is the Fermi velocity of graphene. h, Normalized local 
density of states (LDOS) calculated for the flat bands with E >  0 at 
θ =  1.08°. The electron density is strongly concentrated at the regions with 
AA stacking order, whereas it is mostly depleted at AB- and BA-stacked 
regions. See Extended Data Fig. 6 for the density of states versus energy at 
the same twist angle. i, Top view of a simplified model of the stacking 
order.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Density of states

Magic Angle



Magic Angle

Cao et al., Nature 2018



Density	of	
states

~100meV

Accessible with infrared light
Twist angle ~1.3°

Moire period ~15nm

What about optical and collective 
excitations? 

P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, Phys. Rev. B



Density	of	
states

~100meV

Accessible with infrared light

What about optical and collective 
excitations? 

P. Novelli, I. Torre, F.H.L. Koppens, F. Taddei, and M. Polini, Phys. Rev. B



Interband Plasmons in Twisted Graphene 

Hesp et al., Arxiv 1910.07893

Theory on interbank plasmons in twisted graphene: Stauber et al, Nano Letters 2016
Optical properties of twisted graphene: Moon, Koshino, PRB 2013



s-SNOM on magic angle graphene 
(undoped!!)

Metal

Excitation	~0.2eV	(~6μm)	
Hot	spot	under	tip	~20nm

Hesp et al., Nature Physics (in print)
Devices: Daniel Rodan, Pablo Jarillo-Herrero (MIT)



Device: 1.3° 

Devices: Daniel Rodan, Pablo Jarillo-Herrero (MIT)



Collective excitations:  
interband plasmons
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Changing wavelength



Plasmon dispersion
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Graphene
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vF

For comparison: Single layer graphene plasmons 
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Band	structure Interband	Plasmons

Density	of	
states

See e.g. Fetter et al., PRB 2015, and many others

Analogy: quantum Hall bulk magnetoplasmons  



Electronic Bandstructure

Optical conductivity

Interband Plasmon dispersion

Hesp et al., Arxiv 1910.07893



Collective modes of correlated matter



IR/THZ near-field microscopy at 6K



Excite optically. Detect electrically

Thermo-electric field ET:

Current generated:

Near-field photodetection for mid-infrared



Twisted Graphene
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Near-field photocurrent: Small-angle twisted graphene (<0.1°)

Yoo	et	al.,	Nat.	Materials	2019
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Near-field photocurrent: Small-angle twisted graphene (<0.1°)

Hesp et al.,  Nature Com 2020



10.6	um	(116	meV),	slightly	doped

Near-field photocurrent: Small-angle twisted graphene (<0.1°)

Hesp et al.,  Nature Com 2020



Seebeck coefficient
Seebeck !(#⃗ %⃗ ) Photoresponsivity

Contact 1

Contact 2

Photo-thermoelectric model
Thermo-electric field ET: Current generated:



Photoresponsivity

Contact 1

Contact 2

Photo-thermoelectric model

Hesp et al.,  Nature Com 2020



Outlook

Chiral Berry Plasmons

Effective magnetic field
inducted by circular polarised light

Justin Song, Mark Rudner,  PNAS 2016 
Low et al. PRB 2016

• Access to forbidden transitions
• Infrared + THz light emission/lasing
• Optically mediated many-body effects
• Probing different types of polaritons
• Electrodynamics of superconductors

Topological Nano-photonicsExtreme regimes of strong light-matter interactions

Twist opto-electronics
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